Introduction
[2] The Indian Ocean, influenced by the seasonally reversing wind systems of the monsoon (Figure 1 ), is an important component of the global heat and salinity transport, and the biogeochemical cycling of carbon and inorganic nutrient elements (e.g., nitrogen, phosphorus, silicon) [e.g., Wajih et al., 2006] . Biological production in the Indian Ocean is thought to account for about 15-20% of global annual net primary production (NPP) ($48,000 Tg C yr À1 where Tg C = 10 12 g C [e.g., Chavez and Barber, 1987; Behrenfield and Falkowski, 1997; Field et al., 1998] ). Previous studies have suggested that the rate of new (or export) production in the Indian Ocean is about 1200 ± 400 Tg C yr À1 [e.g., Behrenfield and Falkowski, 1997; Louanchi and Najjar, 2000; Najjar and Keeling, 2000; Gnanadesikan et al., 2002] with large regional variability, particularly in the Arabian Sea [e.g., Smith et al., 1998; Lee et al., 1998; Bange et al., 2000; Naqvi et al., 2002] and Bay of Bengal. However, the timing and spatial distribution of new and export production in the Indian Ocean remains uncertain.
[3] Another uncertainty is the net metabolism of the Indian Ocean, and regions such as the Arabian Sea and Bay of Bengal. The net metabolic balance between in situ primary production of organic matter (P g ) and its respiration (R) determines whether an oceanic system is a net heterotrophic (R > P g ; net consumption of organic matter) or autotrophic (P g > R; net production of organic matter [e.g., Odum, 1956; Smith and Hollibaugh, 1993; Ducklow and McAllister, 2005] ). Recent studies have suggested that many open ocean regions are net heterotrophic [e.g., Smith and Hollibaugh, 1993; del Giorgio et al., 1997; del Giorgio and Duarte, 2002; Williams et al., 2004] and coastal ocean net autotrophic [e.g., Ducklow and McAllister, 2005] , although both these findings are highly debated. Importantly, the net metabolic status of oceanic systems can dictate whether oceanic regions are net sources of CO 2 to the atmosphere or net oceanic sinks of CO 2 .
[4] The Indian Ocean appears to be a perennial source of CO 2 to the atmosphere [Louanchi et al., 1996; Sabine et al., 2000; Hall et al., 2004] , especially in the Arabian Sea [e.g. Goyet et al., 2000; Sarma et al., 1998; Sabine et al., 2000; Lendt et al., 2003; Sarma, 2003 Sarma, , 2004 . In a companion paper, the entire Indian Ocean (north of 32°S) was determined to be a source of CO 2 to the atmosphere (i.e., a net sea-to-air CO 2 flux of +237 ± 132 Tg C yr À1 [Bates et al., 2006] ) compared to the global ocean sink of CO 2 estimated at À1800 Tg C yr À1 [Takahashi et al., 2002] (note positive flux values denote source of CO 2 to the atmosphere, whereas negative flux values denote ocean sink of atmospheric CO 2 ). The factors that maintain the Indian Ocean as a perennial ocean CO 2 source to the atmosphere remain uncertain. The seasonal and spatial variability of seawater pCO 2 and air-sea CO 2 fluxes can be influenced by a multitude of biological, physical and climatic factors that include: (1) temperature; (2) balance of precipitation and evaporation (e.g., salinity changes); (3) net metabolic balance of photosynthetic CO 2 fixation and respiration; (4) airsea CO 2 gas exchange; (5) upwelling of remineralized CO 2 ; (6) riverine inputs of terrestrial organic carbon and alkalinity; (7) CaCO 3 and organic matter (OM) production and export; and (8) horizontal and vertical exchange driven by physical factors operating over a variety of time and spatial scales.
[5] In this paper, we determine the seasonal and annual rates of net community production (NCP) in order to evaluate the spatiotemporal variability of the net metabolism of the Indian Ocean. Since the dominance of either autotrophy or heterotrophy can strongly influence the net metabolism and CO 2 sink or sources status of an oceanic system, the contribution of net metabolism (and other factors above) in maintaining the Indian Ocean as a perennial source of CO 2 to the atmosphere will be evaluated.
[6] Net community production (NCP) is a measure of the balance of autotrophic and heterotrophic processes (in the sense of Williams [1993] ), with NCP rates estimated here conceptually comparable to new and export production. In simple terms, we assume that, NCP = NPP À R, where R is respiration (driven predominantly by the heterotrophic decomposition of organic matter). The original concept of primary production proposed by Dugdale and Goering [1967] defined NPP as new production (NPP NEW ) and regenerated (recycled) production (NPP REG ), while Eppley and Peterson [1979] later defined the f ratio as the ratio of 15 N new production to 14 C-based NPP. The early paradigm assumed that NPP NEW (supported by diapycnally mixed new nitrogen) was equivalent to the loss of organic matter as setting particles or export production. Since these early studies, the concept of new production has been modified to include the contributions from nitrification, nitrogen fixation, dissolved organic nitrogen, entrainment/detrainment, isopycnal transport and mesoscale eddy updoming [e.g., Palenik and Morel, 1990; Bronk and Glibert, 1993; Dore and Karl, 1996; McGillicuddy et al., 1999; Lipschultz et al., 2002] . Thus, if we assume that quasi-steady state conditions, NCP = NPP NEW + (NPP REG À R), and NPP REG ' R, then NCP is approximately equivalent to NPP NEW . Although there remains lingering uncertainty about the true definition of new, regenerated and export production, and how NPP NEW relates to the euphotic zone and Sverdrup critical depth [Lipschultz et al., 2002] , we assume here that NCP, when averaged over an annual timescale, is roughly in balance with both NPP NEW and export production (either from sinking particles or geochemical mass balance [e.g., Jenkins, 1982; Jenkins and Goldman, 1985] ). This allows for decoupling of NCP, NPP NEW , and export production from month to month.
[7] In our approach, estimates of NCP can be determined from changes in the in situ water column inventories of the reactants and products (e.g., dissolved oxygen, DO; inorganic nutrients; CO 2 , dissolved organic carbon, DOC; particulate organic carbon, POC) of autotrophy and heterotrophic processes. Here, rates of NCP are determined from changes in total carbon dioxide, TCO 2 (or dissolved inorganic carbon), similar in concept to earlier studies [e.g., Weiss et al., 1979; Codispoti et al., 1982 Codispoti et al., , 1986 Karl et al., 1991; Chipman et al., 1993; Yager et al., 1995; Bates et al., 1998; Lee, 2001; Lee et al., 2002; Bates et al., 2005] . In the Indian Ocean, geochemical estimates of NPP NEW (or NCP) have been determined in the Arabian Sea [Robinson and Williams, 1999; Dickson et al., 2001; Sarma, 2004] and Indian Ocean [Louanchi and Najjar, 2000; Najjar and Keeling, 2000] using oxygen or inorganic nutrients. Our estimates of monthly and annual NCP were compared to previous estimates of new (and export) production obtained from satellite chlorophyllprimary production models [Behrenfield and Falkowski, 1997] , oxygen, nitrate and phosphate climatological mass balance [Louanchi and Najjar, 2000; Najjar and Keeling, 2000] and circulation model analyses [e.g., Gnanadesikan et al., 2002] . Since the northern Indian Ocean is profoundly impacted by the reversing wind and surface currents of the monsoon (Figure 1 ), seasonal NCP are estimated for the Northeast Monsoon (NEM; $December-February), Spring Intermonsoon (SIM; $March -May); Southwest Monsoon (SWM; $June -August), and Fall Intermonsoon (FIM; September -November) periods. These approaches indicate that the Indian Ocean is net autotrophic over annual timescales, but there are seasonal shifts between autotrophy and heterotrophy in regions such as the Arabian Sea and Bay of Bengal.
Data and Model Analyses

Approaches and Mass Balance Considerations
[8] Three different approaches were used to quantify month-to-month, seasonal, and annual estimates of NCP for the Indian Ocean. Common to all approaches was the use of climatological surface layer and water column inorganic carbon datasets (i.e., TCO 2 , alkalinity and seawater pCO 2 ) derived using multiple linear regression (MLR) methods by Bates et al. [2006] . Similar MLR methods have been used to determine NCP in other studies [e.g., Goyet and Davis, 1997; Goyet et al., 2000; Lee, 2001; Lee et al., 2002] .
[9] In the model approaches, TCO 2 , alkalinity and seawater pCO 2 concentrations were determined every month for vertical layers (i.e., 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, etc.) in each 1°by 1°box using the MLR best-fit analyses [Bates et al., 2006] . Assuming conditions of steady state and mass conservation, rates of NCP were solved, by determining the month-to-month changes in the inventories TCO 2 and the contributions from air-sea CO 2 gas exchange (C gasex ), vertical entrainment and detrainment (C entrain ), vertical diffusion (C diff ), horizontal advection, and salinity changes. All terms were computed for each month.
[10] The contribution of air-sea CO 2 gas exchange (C gasex ) to CO 2 inventories was determined each month (1°Â 1°r esolution) from DpCO 2 maps and wind climatologies [see Bates et al., 2005, section 3.2] . The wind climatologies were obtained from SSM/I (Special Sensor Microwave/Imager) data [Wentz, 1997] from the following website, http:// www.remss. com. The contribution of vertical diffusion (C diff ) at the 100 m depth at times t 0 and t 1 was determined each month from vertical TCO 2 distributions and diffusivity considerations. The vertical diffusivity CO 2 flux was computed as the product of the vertical diffusion coefficient, K, the vertical gradient of inorganic carbon (dTCO 2 /dz) below 100 m, and the seawater density, r. The vertical diffusive transport term was defined by the expression
where K is the diffusion coefficient and (dTCO 2 /dz) the vertical gradient below 100 m. The term K was determined by the expression [Denman and Gargett, 1983 ]
where e denotes the rate of turbulent energy dissipation, and N the Brunt-Väisälä buoyancy frequency calculated from the vertical density gradient at the base of the mixed-layer. A value of 2 Â 10 À8 was chosen for e since this represents rates of turbulent energy dissipation determined over a 35-day period [Denman and Gargett, 1983] . K and C diff values were determined for every month for each 1°by 1°box. The error estimate for the vertical diffusion of inorganic carbon (C diff ) was estimated assuming a systematic ±5 mmoles kg À1 uncertainty for the seawater TCO 2 value.
[11] A component of the variability of TCO 2 was due to the effect of salinity changes induced by changes in the balance of evaporation (E) and precipitation (P). The effect of salinity variation on the inventories of TCO 2 was accounted for by normalizing TCO 2 values to a constant salinity of 35.
[12] Another potential contributor to the seasonal variability of TCO 2 can be due to calcium carbonate (CaCO 3 ) production in the mixed layer (and dissolution in the water column). Salinity-normalized alkalinity (nTA) or specific alkalinity changes [e.g., Brewer and Dyrssen, 1985; Anderson and Dyrssen, 1994] can be used to determine the contribution of CaCO 3 production to the carbon inventories. However, across much of the Indian Ocean, nTA was seasonally invariant and rates of CaCO 3 production could not be directly quantified here. Owing to the seasonally invariant distributions of nTA, Lee [2001] was also not able to determine rates of CaCO 3 production for much of the Indian Ocean (although Lee [2001] found measurable rates of CaCO 3 production in the 30°S-40°S zone of the Indian Ocean, outside of our model domain).
Annual and Seasonal Estimates of NCP Using a Two-Box Model Approach
[13] Month-to-month, seasonal and annual estimates of NCP were determined using changes in inorganic carbon inventories in a two-box model of the surface layer (i.e., 0-100 m). The inventory of carbon was determined each month within the mixed layer (SC a ) and below the mixed layer to 100 m deep (SC b ) (Figure 2a ) for each 1°by 1°area of the Indian Ocean. The total amount of carbon in the 0-to 100-m layer (i.e., SC t ) at time (t 0 ) was
One month later at time (t 1 ), the inventory of carbon was
The change in carbon inventory was thus equivalent to
where, for the period t o to t 1 ,
[14] The contribution of vertical entrainment and detrainment (C entrain ) to monthly TCO 2 inventories was determined as follows. Although the mixed layer is typically shallower ($30 -50 m) than the euphotic zone ($100 m deep) across most of the Indian Ocean, there was considerable spatiotemporal variability in the mixed layer depth (z). For example, in conditions when the mixed layer deepens, the mixed layer gains inorganic carbon,
and there is a loss below the mixed layer,
where the term C entrain is the contribution of TCO 2 to SC a (t 1 ) due to the vertical entrainment of inorganic carbon.
[15] In the model, C entrain was computed using mixed layer depth changes (i.e., dML/dt, or ML(t 1 )-ML(t 0 )) for each 1°Â 1°box, and the mixed layer depth was determined from density profiles [generated from T and S monthly climatology [e.g., Boyer, 1994a, 1994b; Levitus et al., 1994 ] using a 0.125-s q change criteria [Sprintall and Tomczak, 1992] . TCO 2 content was determined for vertical layers (i.e., 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, etc.) in each 1°by 1°box using the MLR best-fit analyses [Bates et al., 2006] . For example, if the mixed layer deepens by 10 m from time t 0 to time t 1 , the inventory of TCO 2 between the mixed layer depth at time t 0 and mixed layer depth at time t 1 is entrained into the mixed layer. In the reverse scenario, the detrainment term can also be determined. From vertical profiles of TCO 2 Figure 2 . Conceptual schematic of mass balance approaches used to estimate seasonal changes in net community production in the Indian Ocean. (a) Two-box and (b) one-box carbon mass balance approaches.
and mixed layer depth changes, the contribution of entrainment (or detrainment) (i.e., C entrain ) to SC a (t 1 ) can be quantified.
[16] The processes that influence the changing inventories of TCO 2 include vertical entrainment and detrainment, air-sea CO 2 gas exchange, vertical diffusion, NCP and advection. Assuming conditions of steady state and mass conservation, rates of NCP (i.e., C ncp ) were solved by determining the difference between the sum of the above terms and observed changes in inventories of TCO 2 . The changes in the inventories of carbon were determined as
[17] In the model, it is assumed that each month there is a continuity of horizontal transport between neighboring 1°Â 1°boxes undergoing the same forcing (e.g., NCP, diffusion, entrainment) and similar changes in carbon inventories. Away from the boundaries of the domain, it is assumed that there is a continuity of velocity and transport between 1°Â 1°boxes in close promixity to each other, and that horizontal carbon transport between boxes is identical. Given typical upper ocean velocities of $5-10 cm s
À1
(or $130-260 km month À1 ), the neighborhood of boxes in close proximity is small. This may not be the simple case at the coastal ocean to open-ocean transition at the margins of the model domain. Here it is assumed that the net inorganic carbon transport by advection (C adv ) between each 1°by 1°b ox each month is a priori in balance, and that the C adv term is $0. Thus
The unknown term (C ncp ) can be solved by mass balance. Here the [C a (t1) ncp À C a (t0) ncp ] term is equivalent to a change in net community production (NCP) in the mixed layer from month to month. The [C b (t1) ncp À C b (t0) ncp ] term reflects the potential export of carbon from the 100-m layer. Although this assumption implies that system is in steady state, our analyses reveal month-to-month uncoupling of NCP and export production.
Annual and Seasonal Estimates of NCP Using a One-Box Model Approach
[18] In a simplification of the proceeding model, a onelayer box model analysis was also conducted (Figure 2b ). Since the mixed layer does not exceed 100 m in the domain of the study (it varies seasonally within the 0-to 100-m layer), the vertical entrainment/stratification (C entrain ) term is zero and not required. The NCP term (C ncp ) can thus be solved as follows:
[19] The C (t1Àt0) ncp term represents the changes in net community production from month to month (assuming steady state conditions). Again, it was implicitly assumed that the C adv term is $0. In the one-and two-box model approaches, the C (t1Àt0) ncp term can be negative or positive from month-to-month. Here we assume that negative C (t1Àt0) ncp rates indicate net autotrophic conditions, with the sum of monthly negative C (t1Àt0) ncp rates providing seasonal to annual estimates of NCP. Positive C (t1Àt0) ncp rates indicate a balance in favor of net heterotrophy rather than autotrophy. Our model approach cannot differentiate respiration within the upper 100-m, upwelling of respired CO 2 owing to remineralization below 100 m depth, or lateral transport. Thus positive NCP (C (t1Àt0) ncp ) rates reflect contributions from these processes.
Annual Estimates of NCP Using Carbon Mass Balance
[20] A simple carbon mass balance was determined for the upper layer of the Indian Ocean (i.e., 0-to 100-m surface layer). Since steady state conditions require mass transport balance of the circulation in the Indian Ocean, any residual imbalance in the sum of the carbon transports and other fluxes reflects the magnitude of biological productivity (C ncp ). In a mass balance for the surface layer of the Indian Ocean, a budget of inputs and outputs of carbon resulting from carbon transport, air-sea CO 2 exchange, vertical diffusion and riverine organic carbon contributions was constructed.
Mass Transport in the Indian Ocean
[21] The mass transport of carbon by ocean circulation in the Indian Ocean has not been previously quantified. In general terms, the Indian Ocean is characterized by a meridional overturning circulation [e.g., Toole and Warren, 1993; Robbins and Toole, 1997; Schmitz, 1996] , with a southward mass transport in the upper ocean at the 32°S latitude. Continuity requires that output of water is balanced by northward mass transport at 32°S in intermediate and deep waters, and southward transport of surface waters into the Indian Ocean through the Indonesian Throughflow (IT). More specifically, observations of mass transport within isopycnal layers at 32°S [i.e., Toole and Warren, 1993; Robbins and Toole, 1997] and at the IT can be used to determine carbon transport into and out of the Indian Ocean.
[22] Toole and Warren [1993] and Robbins and Toole [1997] used a transoceanic hydrographic section collected in 1987 at 32°S to quantify mass and property transports in the Indian Ocean. These two studies used the same eight density layers (see Table 1 and Figure 3 ) from surface to seafloor, but calculated different estimates for the upwelling component of the overturning meridional circulation in the basin. The more recent Robbins and Toole [1997] 9 kg s À1 ($9.4 Sv) into the Indian Ocean through the Indonesian Throughflow [e.g., Fieux et al., 1996; Nof, 1996] . Mass transports are adjusted to account for a northward Ekman transport in the surface layer at 32°S (in accordance with Robbins and Toole [1997] ).
[23] In the upper ocean circulation, estimates for the southward mass transport of surface layer water at 32°S ranged from 15.8 Sv to 20.5 Sv [Toole and Warren, 1993; Schmitz, 1996; Robbins and Toole, 1997] (Tables 2 and 3 ). In addition, there is a northward transport of 1.6 Sv due to Ekman transport at 32°S. Estimates for mass transport through the Indonesian Throughflow ranged from 5.2 Sv to 10 Sv [Toole and Warren, 1993; Schmitz, 1996; Robbins and Toole, 1997] . The mass transport estimates at 32°S and through the Indonesian Throughflow has significant uncertainty due in part to year-to-year variability [e.g., Potemra, 1999] . For example, the southward flow of upper ocean waters at 32°S has a mean transport of 15.8 Sv with a standard deviation of $2.5 Sv in the study of Robbins and Toole [1997] . Since the Indian Ocean is closed to the north at intermediate and deep depths, continuity and conservation of mass requires an upwelling transport into the surface layer. Depending on the complexity of circulation, a range of 6.5 Sv to 13.7 Sv is required for this upwelling term (Figure 4 and Tables 2 and 3). Surface layer exchanges between the Persian Gulf, Red Sea and Indian Ocean were not included here. Robbins and Toole [1997] . (b) Carbon mass balance and rate of NCP derived using the water mass transports of Schmitz [1996] . IT, Indonesian Throughflow; NIIW, Northwest Indian Intermediate Water; RSW, Red Seawater; USAMW, Upper Subantarctic Mode Water.
Carbon Transport and Contributions to Mass Balance in the Indian Ocean
[24] In order to determine carbon transports, longitudinal sections of TCO 2 at 32°S and at the IT were generated using the MLR equations of Bates et al. [2005] (their Table 1 ; with an error of $±5 mmoles kg
À1
). Mean zonal TCO 2 contents within isopycnal layers were then combined with mass transport values to determine carbon transports at the boundaries of the Indian Ocean. Estimates of carbon transport indicate that the inputs of carbon to the surface layer are greater than the outputs at the boundaries leading to a net carbon imbalance (Tables 2 and 3) .
[25] For example, using the silica constrained mass transports of Robbins and Toole [1997] , there is a net southward carbon transport out of the Indian Ocean at 32°S of 12290 ± 16 Tg C yr À1 in the surface layer, partially offset by a northward flux of 1255 ± 10 Tg C yr À1 due to Ekman transport. Upwelling and flow through the IT contribute 5292 and 6223 Tg C yr À1 , respectively (Table 2 ). If these carbon transport estimates are combined with the other fluxes (i.e., loss from gas exchange at the air-sea interface; gain from vertical diffusion across the 100-m-depth interface, and riverine input), the carbon budget is required to be balanced by an NCP or export production term. Herein, a net annual loss of 237 ± 132 Tg C yr À1 from sea-to-air CO 2 gas exchange (i.e., C gasex ) was included [Bates et al., 2006] . The gain from vertical diffusion across the 100 m depth interface is estimated at +427 ± 25 Tg C yr À1 , and freshwater input of carbon (e.g., C river ) is estimated at +30 ± 15 Tg C yr
. A systematic error of 1 Â 10 À5 m 2 s À1 in the rate of vertical diffusivity (average across the Indian Ocean was $3 Â 10 À5 m 2 s
) produces a NCP error of $16 Tg C yr
. Combined, there is a net annual imbalance of 749 ± 229 Tg C yr À1 in the Indian Ocean that is attributed to NCP (Table 2) .
[26] The riverine input of carbon (e.g., C river ) to the Indian Ocean is uncertain. Global estimates of the input of riverine dissolved organic carbon (DOC) to the coastal ocean are highly variable ranging from $200 to 240 Tg C yr À1 [Degens et al., 1991; Meybeck, 1993; Smith and Hollibaugh, 1993; Ludwig et al., 1996] . Similarly, the global riverine flux of TCO 2 has been estimated to range from $190-380 Tg C yr À1 [Degens et al., 1991; Sarmiento and Sundquist, 1992; Meybeck, 1993] . In the Indian Ocean, Subramanian and Ittekkot [1991] estimate a total riverine flux of DOC and TCO 2 of $30 Tg C yr À1 . In all these studies, no estimates of uncertainty are reported for the flux terms. However, scaling down from the global ranges of DOC and TCO 2 riverine inputs, a mean annual river carbon input of 30 ±15 Tg C yr À1 to the Indian Ocean was used in the mass balance. It is implicitly assumed that all riverine DOC and TCO 2 escapes the continental margin and is transported to the open-ocean domain of the Indian Ocean. The net metabolism of the coastal ocean of the Indian Ocean (net heterotrophy or autotrophy) is not considered in this analysis.
[27] Other potential carbon loss terms are minor or not accounted for. Any remineralization of organic matter to CO 2 within the upper 100 m is not explicitly accounted for. Similarly, production of CaCO 3 (produced by open-ocean calcifying phytoplankton) is a minor term to the mass balance. Another potential contributor to carbon mass balance the Indian Ocean could be the net southward transport of DOC at 32°S out of the Indian Ocean into the Southern Ocean. Hansell and Carlson [1998] ). Finally, loss of CO 2 from the Indian Ocean due to gas exchange may be underestimated by $20% since fluxes tend to be higher if high-frequency wind speed data are used rather than climatological data [Bates and Merlivat, 2001] .
Results
[28] For the Indian Ocean, annual NCP rates of 802 and 1572 Tg C yr À1 (0.80 and 1.57 Pg C yr À1 ) (Table 4) were estimated for the 0 -100 m layer using the one-box layer approach (outlined in section 2.3). The higher rate of NCP (i.e., 1572 Tg C yr À1 ) was calculated from the sum of all months with negative NCP (or C ncp ) values. Using the twobox layer approach, we estimated that the annual rate of NCP in the mixed layer only was 591 Tg C yr À1 (about one third of the annual NCP rate for the 0-to 100-m layer; Table 4) suggesting that significant NCP occurred beneath the typically shallow mixed layer. The uncertainty for the annual estimates of NCP was $180 Tg C yr À1 , although the Schmitz [1996] determines that 16 Sv is transported southward out of the Indian Ocean at 32°S. One Sverdrup of surface water is also lost through the formation of Red Seawater. c Schmitz [1996] determines that 10 Sv is transported southward into the Indian Ocean through the Indonesian Throughflow-passages. One Sverdrup of IT water directly forms deeper intermediate water. Schmitz [1996] also suggests that 4 Sv of Antarctic mode water (AMW) and 4 Sv of intermediate water (NIIW) [29] The annual NCP estimate of 1572 Tg C yr À1 derived from monthly C ncp values assumes steady state conditions from month to month. Granted that there is likely to be some degree of uncoupling between NCP and export of sinking particles or remineralization of DOC production from month to month, analysis of seasonal NCP yields a lower annual rate of NCP for the 0-to 100-m layer (i.e., 802 Tg C yr À1 ) (Table 4 ). This approach also yields lower annual rates of NCP for the Arabian Sea, Bay of Bengal, 10°N-10°S, 10°S-20°S, and 20°S-35°S regions of 80, 94, 304, 72 and 252 Tg C yr À1 , respectively (Table 4) .
[30] The alternative carbon mass balance method outlined in section 2.4 yielded annual NCP rates of 749-1041 Tg C yr À1 (0.75 -1.04 Pg C yr À1 ) (Tables 2 and 3 ). For example, quantifying carbon transports from the mass transports of Robbins and Toole [1997] leads to an NCP estimate (i.e., C ncp ) of À749 ± 227 Tg C yr À1 (or 0.77 Pg C yr
À1
) for the Indian Ocean (Table 2 and Figure 4a) . If the mass transports of Schmitz [1996] are used, it is estimated that the rate of NCP is higher at À1041 ± 241 Tg C yr À1 (or 1.04 Pg C yr À1 ) (Table 3 and Figure 4b ). Finally, if the earlier estimates of mass transports of Toole and Warren [1993] are used, it is estimated that the rate of NCP was À1032 ± 240 Tg C yr À1 (or 1.03 Pg C yr À1 ) ( Table 2 ). It should be noted that the mass transports of Toole and Warren [1993] were not constrained by silica conservation.
Discussion
Comparison of Annual NCP Estimates for the Indian Ocean
[31] The annual rates of NCP for the Indian Ocean, estimated from the different approaches (i.e. carbon transport derived NCP of 749-1041 Tg C yr
À1
, and 1-box model derived NCP of 802 and 1572 Tg C yr
) represents approximately 8-16% of the canonical global new production value of $10 Pg C yr À1 [Chavez and Barber, 1987; Chavez and Toggweiler, 1995; Behrenfield and Falkowski, 1997] . The magnitude and range of rates of NCP for the Indian Ocean were in the middle to lower end of the annual new production or NCP values reported in other studies derived from alternative datasets or models (Table 5 ) (i.e., The units for NCP are given in Tg C yr À1 . Annual NCP rates estimated from carbon transports and fluxes is the range estimated in Tables 2 -4. Annual NCP rates estimated from carbon inventory changes are detailed in Table 4. b NCP estimate in only for the warming period, not annual NCP. 
Air-sea CO 2 flux estimates are also included. Units are given in Tg C yr À1 . À1 or 1.1-1.8 Pg C yr À1 [Louanchi and Najjar, 2000; Lee, 2001; Gnanadesikan et al., 2002] ). On an annual timescale, we assume that the system is in steady state and that our estimates of NCP are equivalent to rates of new production (i.e., NPP NEW ) and/or export production.
[32] The previous estimates of NCP for the Indian Ocean by Louanchi and Najjar [2000] and Lee [2001] were not strictly annual estimates. Both studies used climatological datasets of dissolved oxygen, inorganic nutrients, and TCO 2 , respectively, to estimate new production (or NCP under steady state conditions) during the seasonal warming phase in the Indian Ocean. For example, using the seasonal drawdown of phosphate and nitrate and the seasonal outgassing of oxygen from the mixed layer, Louanchi and Najjar [2000] estimated a new production value of 1100 Tg C yr À1 with an uncertainty of $300 Tg C yr À1 (Table 5) . Lee [2001] estimated an NCP of 520 ± 250 Tg C yr À1 during the seasonal warming phase. All three studies likely underestimate annual rates of new production (or NCP) as there was an absence of rate determinations during the seasonal cooling phase. In addition, Louanchi and Najjar [2000] noted that this method, however, might underestimate new production in areas where there is strong upwelling and entrainment of nutrients from the thermocline [e.g., Chavez and Toggweiler, 1995] .
[33] More recently, Gnanadesikan et al. [2002] , using an ocean circulation model coupled with the Laws et al.
[2000] ocean food web model, estimated annual new production values for the Indian Ocean ranging from 1100 to 1800 Tg C yr
. The NCP estimates determined by Gnanadesikan et al. [2002] greatly depended on the rate of vertical diffusivity. Lower new production estimates of 1100 -1600 Pg C yr À1 for the Indian Ocean were determined using an ocean circulation model with lower vertical diffusivity, and higher lateral, isopycnal diffusivity [Gnanadesikan et al., 2002] . Thus the estimates of NCP in the Indian Ocean determined using carbon mass balance were similar to the range of NCP (or new production, assuming steady state) previously reported in other studies [e.g., Chavez and Barber, 1987; Chavez and Toggweiler, 1995; Behrenfield and Falkowski, 1997; Louanchi and Najjar, 2000; Najjar and Keeling, 2000; Gnanadesikan et al., 2002] .
[34] As with the other methods for estimating NCP in the Indian Ocean [e.g., Louanchi and Najjar, 2000; Najjar and Keeling, 2000; Gnanadesikan et al. 2002] , there are significant uncertainties and associated caveats. The largest potential uncertainties probably reside in the variability of mass transport calculations. For example, the mean net mass transport estimates of Robbins and Toole [1997] at 32°S has a standard deviation of $2.5 Â 10 9 kg s À1 in the surface layer but much less at deeper depths. The differences in estimates of mass transport not only reflect uncertainty in the method (e.g., conservation of silica [Robbins and Toole, 1997] or nonconservation of silica [Toole and Warren, 1993] ) but also temporal variability of circulation and physical data sources [e.g., Molcard et al., 1996; Schmitz, 1996] . It is also difficult to estimate the uncertainty in carbon transport (quantified from mass transport) since the transports are not independent variables. However, using different data sources, Robbins and Toole [1997] and Schmitz [1996] . It has also been assumed that all the riverine input of HCO 3 is transported into the Indian Ocean basin, that there is no net loss or gain of carbon from in situ processes on the continental shelves, and that riverine DOC is mineralized to CO 2 within the basin. Calcium carbon production in the surface layer could also contribute to C ncp (or the NCP term), but the invariant nature of nTA suggests that this contribution was minor.
Seasonal and Regional Variability of NCP in the Indian Ocean 4.2.1. Indian Ocean
[36] There were distinct spatiotemporal patterns of negative and positive NCP in the Indian Ocean. Across the entire Indian Ocean, the NE Monsoon and Spring Intermonsoon period (i.e., December -May) had negative NCP values indicating net autotrophy (Table 4) . However, during the Southwest Monsoon and Fall Intermonsoon period (i.e., June -November), NCP rates were positive indicating a shift in net metabolism on the Indian Ocean from net autotrophy. The reasons for the shift are spatiotemporally complex and likely due to a combination of factors, including seasonal net heterotrophy, upwelling of remineralized CO 2 from the subsurface and/or lateral carbon transport.
[37] In the entire Indian Ocean, given the loss of CO 2 from the 0-to 100-m layer from sea-to-air gas exchange (237 Tg C yr ), steady state requires that there is an additional source of CO 2 of 572 Tg C yr À1 to the 0-to 100-m layer from a combination of upwelling and lateral transport (i.e., balance of transport into the Indian Ocean through the Indonesian Throughflow The units for NCP are given in Tg C yr À1 . Annual NCP rates estimated from carbon transports and fluxes is the range estimated in Tables 2 -4 . Annual NCP rates estimated from carbon inventory changes are detailed in Table 4. and output across southern boundary of the Indian Ocean, here set at 32°S) (Table 6) . If the higher estimate of NCP is used (i.e., 1572 Tg C yr À1 from the monthly one-box model), the addition from upwelling and lateral transport will also be greater (i.e., 1342 Tg C yr À1 ). In both scenarios, the dominance of upwelling or lateral transport will differ between geographic regions (e.g. Arabian Sea upwelling versus IT input to the 10°N-10°S zone).
Arabian Sea
[38] In the Arabian Sea, the annual NCP rate was 150 Tg C yr À1 (Table 4) , with most of the NCP occurring during the NEM and SIM period. The Arabian Sea net metabolism then shifts to net heterotrophy during the SWM to FIM period. Is this realistic in view of the data collected during studies such as the 1995 Arabian Sea US JGOFS process study? During the NEM, strong and steady winds combined with net ocean heat gain ] acted to convectively deepen the mixed layer ($80-100 m ) and entrain nutrients into the euphotic zone. As a result, rates of primary production (1 -2 mg C m À2 d
À1
[ Smith et al., 1998; Bange et al., 2000] ), chlorophyll biomass ] and the export of sinking particles [Lee et al., 1998 ] all increase from the NEM to SIM period. The export of sinking particulate organic carbon (POC) at 100 m has been estimated at 84-91 Tg C yr À1 [Rixen et al., 2002] , while others [Hansell and Peltzer, 1998; Naqvi et al., 2002] reported significant production of DOC (Hansell and Peltzer [1998] reported a production rate of 30 -40 Tg C, nearly 80% of Arabian Sea NCP) during the NEM. Combined, the POC export and DOC production rates of $114-131 Tg C were similar to the NCP estimates of 137 Tg C for the NEM-SIM period reported here (Table 4) .
[39] In contrast, during the SWM to FIM period, rates of NCP were low (13 Tg C) with seasonal NCP (C ncp ) values positive (i.e., net metabolism tending to heterotrophy) (Table 4) [Smith et al., 1998 ]), chlorophyll biomass and suspended POC concentrations increase [e.g., Marra et al., 1998; Morrison et al., 1998 ]. Owing to the upwelling, significant NCP should be expected during the SWM, but, in fact, only a small NCP ($7 Tg C) is estimated (Table 4 and Figure 4 ), while the apparent heterotrophy for the SWM to FIM period is much higher (Table 4) .
[40] The shift in net metabolic status of the Arabian Sea during the SWM and FIM probably results from a combination of factors, including upwelling, lateral transport and heterotrophy within the surface layer (Table 6 ). All these factors contribute to the Arabian Sea being a perennial source of CO 2 to the atmosphere. Upwelling associated with the Somali Jet supports elevated primary production during the SWM. However, the upwelling may bring excess TCO 2 relative to inorganic nutrients and Redfield C:N:P stoichiometry [Redfield et al., 1963] , owing to subsurface denitrification in the Arabian Sea [e.g., Codispoti et al., 2001; Wajih et al., 2006] . Subsequent photosynthetic fixation of CO 2 to organic matter with Redfield C:N:P stoichiometries, may leave residual CO 2 in the surface layer that contributes to seawater pCO 2 supersaturation in the Arabian Sea. During the SWM, coastal waters upwelled near the Somali and Arabian coast (outside of our model domain) are laterally advected into the Arabian Sea ]. Another contribution is likely to be the seasonal remineralization of DOC to CO 2 . From the onset of the SWM, surface layer DOC contents decrease, and Hansell and Peltzer [1998] suggested that CO 2 fixed and stored as DOC in the NEM can be subsequently respired during the SWM and FIM period. Although the relative contributions of these factors cannot be quantified here, these processes likely contribute to the seasonal shift from net autotrophy to net heterotrophy in the Arabian Sea.
Bay of Bengal
[41] In the Bay of Bengal, the annual NCP rate was 150 Tg C yr À1 (Table 4 ). Similar to the Arabian Sea, nearly all NCP (145 Tg C) occurred during the NEM and SIM periods, with neutral/net heterotrophic conditions (i.e., positive C biol ) in the SWM to FIM periods. The balance of inputs and outputs of carbon in the Bay of Bengal suggest that river discharge (both OM and TCO 2 ), upwelling/lateral transport and vertical diffusion contribute to the regions being a source of CO 2 to the atmosphere in the region. River discharge from the Indian continent is seasonal occurring during the SWM [Subramanian and Ittekkot, 1991] . Positive C ncp values likely reflect the input of river HCO 3 and DOC (subsequently remineralized to CO 2 ) to the Bay of Bengal during this period.
Other Regions
[42] The southern limit of monsoonal influence on wind systems and surface currents in the Indian Ocean is $10°S or the SEC (Figure 1 ). In the 10°N-10°S and 10°S-20°S zones, seasonal changes in NCP were similar to the Arabian Sea and Bay of Bengal. For example, in the 10°N-10°S zone, most of the NCP (487 Tg C) occurred during the NEM and SIM period (Table 4) , while the SWM to FIM period tended to net heterotrophy. In the balance of inputs and outputs to this region (Table 6) , the large upwelling/lateral transport term may primarily reflect lateral inputs of carbon into the Indian Ocean. The highest rate of mass transport through the Indonesian Throughflow into the Indian Ocean occurs during the SWM to FIM period . The input of carbon may drive the apparent heterotrophy of the SWM to FIM period, but, also these regions as a net source of CO 2 to the atmosphere.
[43] In the 20°S-35°S zone, the highest rates of NCP occurred in the FIM and NEM period, coinciding with the austral spring and summer period. The higher rate of NCP is presumably related to seasonal mixing and enhancement of NCP during the spring period, similar to other oligotrophic regions (e.g., North Atlantic subtropical gyre [Bates et al., 1996; Steinberg et al., 2001] ). This region appears to be strongly autotrophic on annual timescales. Unlike other regions of the Indian Ocean, the large rate of NCP (437 Tg C) is not fully compensated for by inputs of carbon to the surface layer (e.g., via vertical diffusion, upwelling/lateral transport, heterotro-phy; Table 6 ), and the NCP drives the region to being a net oceanic sink for atmospheric CO 2 .
Conclusions
[44] Several carbon mass balance approaches were used to estimate rates of net community production (NCP) in the Indian Ocean. These approaches assumed steady state and mass conservation. Carbon transports into and out of the Indian Ocean were derived from transoceanic hydrographic and inorganic carbon sections at 32°S and across the Indonesian Throughflow and the mass transport estimates of Robbins and Toole [1997] and Schmitz [1996] . Annual estimates of NCP (749-1572 Tg C yr À1 ) estimated here were similar to new production rates (1100 -1800 Tg C yr À1 ) determined by a variety of other methods [Louanchi and Najjar, 2000; Gnanadesikan et al., 2002] . Despite the caveats and uncertainties of our approaches, robust estimates of NCP were determined for the Indian Ocean. At monthly intervals, changes in carbon inventories of the surface layer, changes in air-sea CO 2 flux and vertical diffusion of CO 2 were quantified to evaluate the spatiotemporal patterns of NCP. The maximum rates of NCP were observed in all regions during the NEM and SIM. In addition, during the SWM and FIM periods, the trophic status appears to shift from net autotrophy to net heterotrophy, particularly in the Arabian Sea, Bay of Bengal, 10°N-10°S, and 10°S-20°S zones. The loss of CO 2 from the surface layer through NCP does not appear to fully compensate for gain of carbon to the surface layer through a variety of processes such as upwelling, lateral transport through the Indonesian Throughflow, and remineralization of organic matter back to CO 2 . This imbalance appears to maintain the Arabian Sea, Bay of Bengal and 10°N-20°S regions as perennial sources of CO 2 to the atmosphere. Only in the 20°S-35°S region of the Indian Ocean does strong net autotrophy drive this region into being a sink for atmospheric CO 2 .
